Slow Diffusion of Proteins in the Yeast Plasma Membrane Allows Polarity to Be Maintained by Endocytic Cycling  by Valdez-Taubas, Javier & Pelham, Hugh R.B.
Current Biology, Vol. 13, 1636–1640, September 16, 2003, 2003 Elsevier Science Ltd. All rights reserved. DOI 10.1016/j .cub.2003.09.001
Slow Diffusion of Proteins in the Yeast
Plasma Membrane Allows Polarity
to Be Maintained by Endocytic Cycling
elongated shmoos, fluorescence of en GFP-Snc1 was
actually reduced by 2- to 3-fold at the shmoo tip (Figure
1B). Our interpretation of these results is that there is
an ongoing cycle of endocytosis and polarized delivery
of membrane in shmoos, which are known to grow at
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their tips. Snc1 is selectively incorporated into endocytic
vesicles and becomes concentrated at the site of exo-
cytosis. The en form of Snc1 is excluded from endo-Summary
cytic vesicles, and so when its synthesis is shut off,
exocytic vesicles, whether derived from endocytosedMany cells show a polarized distribution of some
or newly synthesized material, lack fluorescent protein.plasma membrane proteins, which may be maintained
Their delivery to the shmoo tip thus dilutes the fluores-either by a diffusion barrier [1] or kinetically: as first
cence there.demonstrated in fibroblasts [2], locally exocytosed
This model assumes that diffusion across the cell isproteins will remain polarized if they are endocytosed
slow relative to the lifetime of Snc1 on the cell surface.and recycled before they can diffuse to equilibrium. In
However, rates measured in animal cells would implyyeast, actin cables direct exocytosis to the bud and
that a protein could diffuse across a 5 m yeast cellto the tips of polarized mating intermediates termed
within seconds. Thus, if the model is correct, diffusionshmoos [3, 4]. A septin ring at the bud neck retains
of membrane proteins has to be much slower in yeastsome proteins [5, 6], but shmoos lack this. Here, we
than in mammalian cells. To test this, we performedshow that the exocytic SNARE Snc1 is kinetically po-
fluorescence recovery after photobleaching (FRAP)larized. It is concentrated at bud and shmoo tips, and
experiments by using the same GFP-tagged protein inthis requires its endocytosis. Kinetic polarization is
yeast and mammalian COS cells. We used the yeastpossible in these small cells because proteins diffuse
SNARE Sso1, which accumulates on the plasma mem-much more slowly in the yeast plasma membrane than
brane in both cell types. Figure 2 shows that when awould be expected from measurements in animal
1.6 m diameter spot was bleached, by using identicalcells. Slow diffusion requires neither the cell wall nor
microscope settings, recovery occurred with a half-timepolymerized actin, but it is affected in the ergosterol
of about a minute in yeast but only about 2 s in COSsynthesis mutant erg6. Other proteins also require en-
cells (giving approximate diffusion coefficients of 0.0025docytosis for efficient polarization, and the plasma
and 0.1 m2/s, respectively; see legend to Figure 2). Themembrane SNARE Sso1 can be polarized merely by
same slow recovery was also seen in end4 yeast cellsappending an endocytic signal. Thus, despite their
and with Snc1 and its endocytosis-deficient derivativesmall size, yeast cells can use localized exocytosis
(Figure 2). We estimate that it would take around 10 minand endocytic recycling as a simple mechanism to
for Snc1 to diffuse halfway across a 5 m yeast cell.maintain polarity.
This is comparable to a previous rough estimate for the
lifetime of Snc1 on the cell surface of about 8 min [7];
Results and Discussion this finding indicates that diffusion is indeed sufficiently
slow to allow the observed concentration gradients of
GFP-tagged Snc1 cycles rapidly between plasma mem- Snc1 to be maintained.
brane and endosomal/Golgi membranes [7] and can be In contrast, protein mobility was high on the vacuolar
detected on both (Figure 1A). The surface fluorescence membrane. To measure this, we used a vacuole-tar-
is often polarized and is strongest at the tip of small geted construct consisting of the transmembrane do-
buds. When cells of the a mating type were exposed to main of Sso1 fused to the N-terminal domain of the
 factor to induce formation of shmoos, GFP-Snc1 was SNARE Pep12, termed PNTS [8]. FRAP gave a half-
found at their tips (Figure 1A). Polarization of GFP-Snc1 recovery time of about 3 s, comparable to the COS cell
required its endocytosis. An endocytosis-deficient Snc1 result (Figure 2). In some cells, a portion of the PNTS
mutant (Snc1 en [7]) was uniformly distributed over construct reached the plasma membrane, and bleach-
both budding cells and shmoos, as was wild-type Snc1 ing of this showed the typical slow response of Sso1 or
in endocytosis-defective end4 cells (Figure 1A). Like Snc1 (not shown). Thus, slow mobility is not a feature
other endocytic mutants [4], the end4-1 allele slowed of a particular protein, or of yeast membranes in general,
shmoo formation, but it also greatly reduced the polarity but rather is a specific property of the yeast plasma
of Snc1 in the shmoos that did form (Figure 1A). membrane.
Preexisting Snc1 was also polarized during shmoo Slow diffusion did not depend on the cell wall or actin
formation. When its synthesis was repressed before the cytoskeleton, since rates were only very slightly in-
addition of  factor, wild-type GFP-Snc1 still concen- creased in spheroplasts and latrunculin-treated cells
trated in shmoo tips, whereas the endocytosis-deficient (Figure 2). We therefore considered the possibility that
mutant was quite evenly distributed (Figure 1B). In very the lipid bilayer itself might influence diffusion. Plasma
membrane permeability is affected by mutation of erg6
[9], which blocks the addition of a methyl group to car-*Correspondence: hp@mrc-lmb.cam.ac.uk
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polarized in either budding cells or shmoos (Figure 3A).
Our model predicts that this is simply due to its slow
rate of endocytosis. To test this, we added the well-
defined NPF endocytosis signal [13] to the GFP-Sso1
construct and found that Sso1 then became as polarized
as Snc1 in both budding cells and shmoos (Figure 3A).
Thus, endocytosis is a necessary step in the polarization
of a diffusible membrane protein. Once endocytosed,
Sso1 evidently shares with Snc1 the ability to recycle
rather than pass to the vacuole.
We also examined other polarized proteins. A recent
study identified the product of the YBR016w gene as a
tail-anchored plasma membrane protein that concen-
trates in buds and shmoo tips [14]. The protein is small,
nonessential for growth, and is predicted to be largely
unstructured. Since it is polarized, our model predicts
that it contains an endocytic signal. We tested this by
fusing residues 1–106 to the Sso1 transmembrane do-
main. The resultant chimera was exclusively at the sur-
face in end4 cells, but in a ric1 mutant, which allows
endocytosis but blocks recycling [15], it was almost
entirely intracellular (Figure 3B). Thus, the protein does
possess an endocytic signal. Furthermore, polarity of
GFP-YBR016w was abolished in end4 cells (Figure 3B);
this finding confirms that endocytosis is necessary for
its asymmetric localization.
Fus1 is a glycoprotein that is normally expressed only
in shmoos and concentrates at their tips [12]. We exam-
ined constitutively expressed Fus1-GFP and found that
it too is endocytosed. However, FRAP showed that it
Figure 1. Endocytosis Is Required for Snc1 Polarization also diffuses extremely slowly, possibly due to interac-
(A) Confocal microscope images of GFP-Snc1 or the en derivative tions with the cell wall or cortex, and this likely contrib-
in wild-type cells, or where indicated, in end4-1 cells, with or without utes to its trapping at the site of exocytosis (see Figure
 factor treatment to induce shmoo formation. Fluorescence and S1 in Supplemental Data available with this article
DIC images are shown.
online).(B) Expression of Snc1 from a GAL promoter was repressed for 40
Our results contrast with an alternative model for themin,  factor was added, and cells were imaged 2 hr later. Inverted
localization of Fus1 and other membrane proteins, inimages of long shmoos are also shown. Note the depletion of Snc1
en from the tip. which they partition into a specialized lipid domain at
the shmoo tip [12]. Two markers provided direct evi-
dence for this localized domain. One was a derivative
bon 24 in the aliphatic tail of ergosterol. The nature of of the GPI-anchored protein Gas1 (“GFP-GPI”). GPI-
this tail has profound effects on the ability of sterols to linked proteins are considered markers of lipid rafts in
promote a tightly ordered lipid bilayer [10]. Diffusion of animal cells, but in yeast, many are irreversibly cross-
Sso1 was 2-fold faster in erg6 cells compared to wild- linked to the cell wall, and it has been claimed that this
type (Figure 2). This effect, though modest, suggests is true for Gas1 itself [16]. Indeed, we found by using
that at least part of the slow movement of proteins on FRAP that GFP-GPI at the surface of cells (Figure 4A)
the yeast surface is due to the physical properties of is mostly completely immobile (Figure 4B). When ex-
the lipid bilayer in which they move. Interestingly, an pression was repressed before the addition of  factor,
earlier study found the mobility of lipid probes in the existing GFP-GPI remained with the old cell wall and
yeast plasma membrane to be abnormally low [11]. This did not move to the shmoo tip (Figure 4C). Tips were
property was retained in spheroplasts but was partially only marked when GFP-GPI was being synthesized. We
abolished by trypsinization. These results suggest that conclude that GFP-GPI is not a valid marker for lipid
the lipid bilayer does have unusual properties, although rafts on the surface of yeast.
these may be induced, in part, by protein components. The second marker was filipin, a drug with a high
It has been suggested that the lipid composition of the affinity for sterols that stains shmoos in a highly polar-
plasma membrane is altered in shmoos, and in particular ized manner [12]. Filipin does not, however, reliably indi-
that the membrane at the tip differs from that elsewhere cate the distribution of sterols in live cells [17, 18]. We
[12]. However, we found that the mobility of Snc1 in confirmed the polar staining of live yeast cells but found
shmoos was similar to that in budding cells and was that under the conditions used, filipin also perturbs the
identical at the tip and rear (Figure 2). uptake of the endocytic tracer dye FM4-64 and causes
Localized exocytosis and slow diffusion can thus ex- it to accumulate in the same regions as filipin (Figure
plain the polarization of Snc1. In contrast, Sso1, which 4D). Since FM4-64 does not have a particular affinity for
sterols, accumulation in these regions must have somediffuses at the same rate as Snc1, is not significantly
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Figure 2. Mobility of GFP-Tagged Proteins Measured by FRAP
Each graph contains several independent measurements of bleached areas (all 1.6 m in diameter) represented by different symbols and
normalized so that pre-bleach intensity is 1 and the intensity immediately post-bleach is 0. The curved line was manually fitted to the data
for Sso1 in wild-type yeast cells and was repeated in each graph for comparison. Note the different time scales for the COS cell and vacuole
data. Example images are shown at the bottom. The arrows indicate bleached areas; the white scale bars are 5 m. For the shmoo experiment,
the graph shows data from a single shmoo, together with its pre-bleach image; the areas bleached are indicated by circles. From these data,
approximate diffusion coefficients were calculated as follows (m2/s): Sso1 in COS cells, 0.103; Sso1 in yeast, 0.0025; Snc1 in yeast, 0.0025;
PNTS on vacuolar membrane, 0.068; Snc1 in shmoos, 0.0029; Snc1 in spheroplasts, 0.0029, Snc1 in latrunculin-treated cells, 0.0028; Snc1 in
erg6 cells, 0.0049.
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cortical actin patches [4]. Since many affect actin bind-
ing proteins, it has often been assumed that their primary
effect is on actin, but it may be that endocytic cycling
is required to polarize the cytoskeleton. Indeed, muta-
tion of Vps54, a protein specifically required for vesicular
transport from the endocytic to the exocytic pathways
and hence for recycling, also affects actin polarity [24].
Supplemental Data
Supplemental Data including the Experimental Procedures and re-
sults obtained for Fus1, including its location, endocytosis, and slow
mobility as measured by FRAP, are available at http://www.current-
biology.com/cgi/content/full/13/18/1636/DC1/.
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